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INTRODUCTION
Dissolved organic matter (DOM) represents a significant component absorbing solar radiation in aquatic ecosystems, particularly in the ultraviolet region of the light spectrum (290 -400 nm) (Morris et al. 1995; Osburn et al. 2001; Schindler & Curtis 1997 ). This energy absorption may lead to a variety of photochemical processes, including the photodegradation of DOM that could be related to changes in spectral and molecular properties (Bertilsson & Tranvik 2000; Farjalla et al. 2001; Helms et al. 2008) . Additionally, a particular interest in these reactions rises from the increment of UVR recorded in Earth surface caused by the reduction in the stratospheric ozone layer (Osburn et al. 2001; Zepp et al. 2003; Vernet 2006) .
In freshwater ecosystems, the DOM concentration is higher relative to marine environment, as a result of the macrophyte presence (Wetzel 2001; Osborne & Kovacic 2007) . Macrophytes constitute an important carbon source for the total content of DOM in lakes (Wetzel 2001) ; however, it is still poorly known the potential contribution to lake nutrient content of leachates from different macrophyte species, and its overall influence on optical features of lake water. Macrophytes release DOM synthesized during photosynthesis or through leaching of aged and dead tissues (Bertilsson & Jones 2003) . In particular, UVR increases macrophyte degradation and leachate production (Mans et al. 1998; Anesio et al. 1999) , that may result in an important source of essential nutrients such as nitrogen and phosphorus (Lewis 2002; Qualls & Richardson 2003) . Therefore, chemical features of bulk DOM affect water chemistry controlling the availability and lability of nutrients, metals and toxic substances (Strober et al. 1995) . Most DOM present in aquatic environments is constituted by humic substances, which are the main binding agent of Fe and P (in the orthophosphate, PO 4 -3 form) (Maranger & Pullin 2003) . UVR photoreduction and dark reduction are two important physico-chemical mecanisms involved in the reduction of Fe (III) asociated to DOM. These reductions imply the release of PO 4 -3 , generally associated to the Fe (III) form (Maranger & Pullin 2003) . Although its importance, the release of nutrients from macrophyte leachates has received little attention (Osborne & Kovacic 2007) and there are few studies regarding the effect of UVR and darkness as factors contributing to phosphorus availability in freshwater environments. UVR can also affect alkaline phosphatase activity that could contribute to microscale variations in nutrient availability and community composition near lake surface (Tanks et al. 2005) .
Andean shallow lakes from North Patagonia (41°S 71°W) are oligotrophic environments (Rogora et al. 2008) with comparatively higher DOM content than the deeper lakes of this region (Morris et al. 1995) . A previous study has shown that the increase in DOM photobleaching in shallow Andean lakes was related mainly to UV-A radiation (Osburn et al. 2001) . Moreover, Zagarese et al. (2001) demonstrated a direct relationship between solar exposure and P release from DOM in a shallow Andean lake. The relatively high DOM content of shallow Andean-Patagonian lakes would be related to both, the drainage area and the macrophyte presence in their littoral zone (Bastidas Navarro et al. 2009 ). Macrophyte leachates could be important sources of nutrients, particularly during the senescence periods in which macrophyte decomposition would generate changes in DOM quantity and quality. Since Patagonia is under the effect of the Antarctic ozone hole (Villafañe et al. 2001) , DOM from lakes and leachates would be strongly affected by UVR, modifying their optical characteristics and nutrient release. The hypothesis tested is that UVR exposure will produce changes on the mean molecular weight of DOM from lake water and macrophyte leachates. This change affects the release of Soluble Reactive P (SRP). We performed laboratory experiments on the effect of UVR on lake water of two shallow lakes (Escondido and El Trébol), and on leachates from the macrophytes Schoenoplectus californicus and Potamogeton linguatus, analizing DOM optical features and SRP release.
MATERIALS AND METHODS

Study Area and sampling
Lakes Escondido and El Trébol are small and shallow lakes (maximum depth of 8 and 12 m, respectively) included in the Nahuel Huapi National Park, Patagonia, Argentina, around 41°S and 71°W. The climate of this region is temperate cool (mean annual temperature 8.7 °C) with an annual precipitation of 1500 mm (Paruelo et al. 1998) Water and macrophyte leachates from these two lakes were used to carry out our experimental study. The experiments were carried out in summer (January 2007). Surface water samples were obtained with a Van Dorn bottle, distributed in different acid washed (HCl) containers for subsequent analysis, and inmediatly carried to the laboratory. Macrophytes were sampled in the littoral zone and also carried to the laboratory in plastic containers.
Experimental conditions
To ensure carbon free, all glassware was previously cleaned with diluted clorhidric acid (0.5 N), rinsed with MilliQ water, and then combusted at 450 °C during 1 hour. Similarly, the GF/F filters (Osmonics) were precombusted at 450 °C during 1 hour. Lake water was filtered through the precombusted GF/F filters, and then through 0.2 µm policarbonate membrane filters. Macrophyte leachates were prepared from leaves and stems from senescent plants which were rinsed with distilled water, dried at room temperature. One (1) g of each macrophyte was placed in 100 mL of MilliQ water and leave it at 4 °C for 48 h after Anesio et al. (2000) . The leachate was filtered through precombusted GF/F filter and then through esteril membrane filters of 0.2 µm pore size in order to eliminate any potential presence of bacteria in the samples. The filtrate was diluted with Milli-Q water to a final concentration of 3 mg L -1 of dissolved organic carbon (DOC).
UVR exposure was carried out in 20 mL quartz tubes in an incubator with controlled temperature at 20 °C. Quartz tubes were distributed in a frame at 30 cm distance from the light source following Bertilsson & Tranvik (2000) . The artificial source of light consisted in two UVA-340 fluorescent tubes (Q-Panel Lab Products, Cleveland, OH, U.S.A.). The UVR spectrum of these light tubes closely resembles the solar spectrum between 280 and 350 nm (Shick et al. 1999) . During the incubation, water received 35 µW cm -2 nm -1 of the 340 nm band and this irradiance level is equivalent to surface noon summer sunlight in Andean lakes.
Soluble Reactive Phosphorus (SRP) concentrations were obtained through the ascorbate-reduced molybdenum method (APHA 2005).
Experimental design
Optical features of lake water and macrophyte leachates after UVR exposure were studied in two experiments (Experiments 1 and 2) in order to analyze the photodegradation in two different lengths of exposure times. Experiment 1 consisted in the exposure of surface water samples from lakes Escondido and El Trébol to UVR. In Experiment 2, Potamogeton linguatus and Schoenoplectus californicus leachates from lakes Escondido and El Trébol were exposed to UVR. In both experiments, exposure was carried out in quartz tubes in three replicates, and spectrophotometric scanning (250-790 nm) were carried out after 5 and 10 hours of exposure.
The release of Soluble Reactive P (SRP) from lake water and macrophyte leachates exposed to different light qualities were studied through other two experiments (Experiments 3 and 4). In Experiment 3, lake surface water from lakes Escondido and El Trébol were exposed in quartz tubes to UVR and dark conditions for 5 hours. Six 20 mL quartz tubes were exposed to UVR (UVR Treatment), and other six tubes were wrapped with aluminium foil (DARK Treatment). At initial time and after 5 hours of exposition we measured in three tubes of each treatment SRP concentration. The remaining three tubes were used for spectrophotometric scanning analysis. In Experiment 4, we exposed to dif-ferent light conditions (UVR and DARK) leachates of P. linguatus and S. californicus.
At initial and final time of each experiment, were carried out spectrophotometric scans from 250 nm to 790 nm in 10 cm quartz cuvette using a double beam spectrophotometer Shimadzu UV2450. In Experiments 3 and 4, also SRP concentrations were obtained at initial and final time.
Data Analysis
Absorbance units were converted to absorption coefficients (a d ). The ratio a 250 :a 365 was used as a measure of the relative size of DOM molecules (Perez & Sommaruga 2006) .
The spectrum of each lake was drawn as Ln (a d ) vs wavelengths. The spectral slope was determined for the UV band (S UV ) through a lineal regression of values between 290 nm and 400 nm (Green & Blough 1994) . For the macrophyte leachates experiments we calculated the spectral slope corresponding to the linear sections of the spectral curve with the higher absorbance variation. For Potamogeton linguatus, the spectral slopes were calculated between the 285 -300 nm (S 285-300 ), whereas for Schoenoplectus californicus, the 270 -300 nm (S 270-300 ) spectral section was used.
Differences among S UV , and S 285-300 and S 270-300 calculated for Experiments 1 and 2 (three replicates for each treatment) were compared through a Two Way ANOVA. The a 250 :a 365 ratio from different lakes along the exposition time was also analyzed through a Two Way ANOVA using "Lake" and "Time of exposure" as factors. We choose this analysis because each tube is independent of each other during the exposure. Values of SRP concentration obtained in experiments 3 and 4 were analyzed through a Two Way ANOVA, with "Treatment", "Lake" (Experiment 3), and "Macrophyte" (Experiment 4) as factors. Post hoc comparisons were made using the Tukey Test with an overall significance level of P = 0.05. In order to analyze if S 285-300 and S 270-300 are good estimators of photodegradation, regression analyses were performed between each wavelength range and the a 250 :a 365 ratio. All statistical analyses were performed using SigmaStat 3.1 and Statistica 6.0.
RESULTS
Variation in optical characteristics of lake water and leachates after UV exposure
Spectrophotometric spectra obtained at initial time (0 h) for the different lakes, showed similar pattern (Fig.  1a) , with maximum absorbances in the shorter wave- length region. However, Lake Escondido exhibited higher absorbance coefficients in the UV range (~31.1 m -1 ), whereas Lake El Trébol values were around 10.2 m -1 . The lake water exposed for 5 and 10 hours to UVR caused, in both lakes, an increase in a d values in the short wavelength band range (250-300 nm) (Fig. 1a, b) . Moreover, we observed a significant increase in the absolute values of S UV between 290 nm and 400 nm (S UV ) after UVR exposure (Two Way ANOVA: Time of exposure, P <0.001), without differences between 5 and 10 hours in any of the lakes (Tukey Test: Lake Escondido, P = 0.516; Lake El Trébol, P = 0.161) (Tab. 1). These results indicated an increase in the absorption in the UV range of DOM from both lake's water after the UVR exposure (Tab. 1).
The a 250 :a 365 ratio at initial time showed significant variation between lakes (Two Way ANOVA: Lake P <0.001), Lake Escondido showed the lowest values (Tab. 1). After the 5 hours of UVR exposure, we observed a significant increase in this ratio in both lakes (Two Way ANOVA: Time of exposure Factor, P <0.001; Tukey Test: for both lakes 0 h vs 5 h, P <0.001), indicating a decrease in the mean molecular weight of DOM. On the other hand, no significant differences were observed between 5 h and 10 h of exposure (Tukey Test: for both lakes 0 h vs 5 h, P = 0.572).
The absorbance spectra of leachates showed different patterns for the two macrophytes. At the initial time, a bimodal pattern was observed for P. linguatus leachates, with two maxima, one at 280 nm and another at 320 nm (Fig. 1c, d) ; while S. californicus exhibited a unimodal spectrum, with a maximum around 265 nm (Fig. 1e, f) . After UVR exposure, we observed an attenuation of these absorbance peaks for both macrophyte species (Fig. 1c, d , e, f) and a significant increase in S 285-300 and S 270-300 (Two Way ANOVA: Time of exposure Factor for both macrophytes, P <0.001) (Tab. 2). In particular, in P. linguatus leachates from Lake Escondido, significant differences were observed in S 285-300 between the two exposure times (Tukey Test: in all cases P ≤0.003). P. linguatus leachates from Lake El Trébol also evidenced significant differences in S 270-300 with time of exposure (Tukey Test: in all cases P ≤0.013). S. californicus leachate from both lakes showed a significant increase in S 285-300 with time of exposure (Tukey Test: in all cases P ≤0.009) (Tab. 2). Furthermore, we observed variations in the S 285-300 and S 270-300 values analyzed for each macrophyte between both lakes (Two Way ANOVA: Lake Factor for P. linguatus, P <0.001; Lake Factor for S. californicus, P = 0.009). In P. linguatus we observed significant differences between lakes at each time of exposure (Tukey Test: for all time levels, P ≤0.005). On the other hand, S. californicus evidenced significant differences between lakes only at initial time (0 h) (Tukey Test: P <0.001).
Mean molecular weight of DOM from leachates showed a similar trend, decreasing with UVR exposure (Tab. 2). P. linguatus leachate exhibited lower molecular size than S. californicus all along the exposure time (Tab. 2). This pattern was observed both in Lake Escondido and Lake El Trébol; nevertheless, in the first one the difference between both macrophytes was lower.
The regression analyses between S 285-300 and S 270-300 and a 250 :a 365 ratio for P. linguatus and S. californicus respectively, showed significant relationships (Fig. 2) . In P. linguatus leachate from Lake Escondido, we obtained a positive correlation with r 2 = 0.849 (P <0.001), and r 2 = 0.815 in Lake El Trébol (P <0.001). In S. californicus leachate from Lake Escondido we observed a slighty less significant positive correlation with r 2 = 0.718 (P <0.001), whereas in Lake El Trébol r 2 = 0.795 (P <0.001).
Soluble Reactive P (SRP) release from DOM exposed to UVR and dark conditions
At initial time, SRP in lake water showed significant differences between lakes (Two Way ANOVA: Lake Factor, P <0.001). The highest SRP concentration was observed in Lake Escondido (5.1 µg L -1 ), whereas in Lake El Trébol SRP concentration was about 1.45 µg L -1 (Fig. 3a) . We also observed significant differences between light treatments (UVR or DARK) for both lakes (Two Way ANOVA, Treatment Factor, P <0.001).
Exposure to UVR of lake water produced a significant increase in SRP concentration in both lakes (Tukey Test: Escondido, P = 0.006; El Trébol, P = 0.001). However, we observed a different response in the DARK Treatment (Fig. 3a) : in Lake Escondido, SRP concentration was similar to that present at initial time (Tukey Test: P = 0.151), while in Lake El Trébol SRP release was significantly higher than T0 (Tukey Test: P <0.001), and the UVR treatment (P = 0.001) (Fig. 3a) .
Experiment 4 showed that SRP released per gram of plant tissue was significantly different between both macrophytes (Two Way ANOVA: Macrophyte Factor, P <0.001) (Fig. 3b) . At the initial time, P. linguatus leachates have significant higher SRP concentration (11.4 mg P g -1 ) than S. californicus (9 mg P g -1 ) (Tukey Test: P <0.001) (Fig. 3) . However, differences in SRP realease were observed between treatments (Two Way ANOVA: Treatment Factor, P <0.001) (Fig. 3b) . After UVR exposure, P. linguatus leachate did not show significant differences (Tukey Test: P = 0.517), while in the DARK treatment a significant increase in SRP release was observed (Tukey Test: P = 0.041). After UVR exposure S. californicus leachate showed a significant decrease in SRP (Tukey Test: P = 0.037) (Fig.  3b) while in DARK treatment, we observed a significant increase in SRP release (Tukey Test: T0 vs OSC, P <0.001).
DISCUSSION
Solar radiation, particularly in the ultraviolet range (UV-A and UV-B), promotes the phototransformation of the DOM structure, molecular weight and optical properties (Reche et al. 2001; Brinkmann et al. 2003; Obernosterer & Benner 2004) . Our laboratory photodegradation experiments with DOM from lakes Escondido and El Trébol, revealed significant variations in its absorbance spectra and optical features, after UVR exposure. Zagarese et al. (2001) obtained similar results in field experiments in Lake El Trébol where natural lake water was exposed to solar radiation, although in this experiment, vertical water motion exerted an important effect on the net result of photobleaching. However, as our experiments were carried out under laboratory conditions and fixed UVR intensity, the effect of vertical water motion was not considered.
Higher DOM photoreactivity has been observed in lakes located in rocky terrain, which can be explained by a higher influence of autochthonous DOM (with higher photoreactivity), higher mean depth, and differences in the chemistry of the water (Reche et al. 2001) . The studied shallow Patagonian lakes are small environments with relatively high organic carbon content (in comparison with the deeper lakes of the area) and have been characterized as humic or slightly humic lakes (Osburn et al. 2001) . However, DOM from lake El Tré-bol seemed to be more reactive than that from Lake Escondido, showing higher changes in the a 250 :a 365 ratio and in the spectral slopes after exposure. The higher chlorophyll-a concentrations recorded in the former (Bastidas Navarro et al. 2008, in press ), would indicate a higher contribution of autochthonous DOM, and therefore, a more photoreactive DOM.
The morphometry and mix regime of a lake, may significantly affect the volume of water susceptible to react under solar light exposure (Reche et al. 2000; Whitehead et al. 2000) . Several studies have indicated that the previous degree of photochemical degradation in natural lake water would have an important effect in the DOC composition and its further capacity to be photodegradated (Morris & Hargreaves 1997; Reche et al. 1999) . In our case, Lake El Trébol has a larger area (0.3 km 2 ) and depth (12 m) than Lake Escondido (Area: 0.08 km 2 and maximum depth: 8 m). It is likely, that DOM from Lake Escondido would have been exposed more time to solar radiation, with a net result of a more refractory DOM with higher degree of aromaticity. Numerous studies have also pointed out that ionic environment (pH) where DOM is dissolved can influence its photoreactivity (Reche et al. 1999; Bertilsson & Tranvik 2000) . Jones et al. (1993) demonstrated that the pH was an important factor in the SRP release of eutrophic and alkaline lakes. In this sense, acid environment promotes the condensation of humic acids in colloids (Thurman 1985) , which seemed to reduce the light access to photoreactive linkages of DOM (Reche et al. 1999) . The studied lakes showed very similar pH values (7.13 ± 0.06 and 7.04 ± 0.15 for Lake Escondido and El Trébol, respectively), thus variations in photoreactivity can not be associated to water pH.
Leachates are chemically heterogeneous compounds with labile and refractory fractions (Peret & Bianchini 2004) . The absorbance spectra obtained from the leachates of P. linguatus and S. californicus showed maximum absorbances at different wavelengths, suggesting that these macrophytes have differences in their tissue biochemical composition. Submersed macrophytes (Cabomba furca and Utricularia breviscapa) have higher carbon content than emergent ones (Cyperus giganteus, Egeria najas and Oxycaryum cubense) (Bianchini et al. 2008) and Osborne et al. (2007) demonstrated that different macrophyte species (emergent and submersed) produce leachates with differences in major elemental content. Differences in leachates composition could have also influence the net effect of UVR photodegration on both macrophytes: S. californicus leachates exhibited higher photodegradation (measured as the a 250 :a 365 ratio) than P. linguatus. Anesio et al. (1999) observed similar effects of UVR on DOM of leachates from the emergent macrophytes Phragmites australis, Typha angustifolia and Juncus sp.
On the other hand, DOM may form molecular complex with other elements as Fe and P. In this sense, it has been observed the formation of a complex DOMFe-P in environments with high concentration of DOM, particularly of allochthonous origin and high molecular weight (Shaw et al. 2000) . This complex has received special attention because of the photochemical reduction of Fe, and the subsequent orthophosphate release (Maranger & Pullin 2003) . The generation of DOM-Fe-P complex retains dissolved forms of P, thus, decreasing the availability of this nutrient, causing a resource shortage for the biota (Maranger & Pullin 2003) . The observed variations in SRP concentration between the studied lakes and the response to light treatments is related to the molecular size of DOM. In adition in freshwater environments UVR exposure is an important factor regulating alkaline phosphate activity (Tank et al. 2005) . A decrease in alkaline phosphatase activity with UVR exposure is proposed to occur through an indirect mechanism whereby photoreduce Fe binds with and inactivates the enzyme upon oxidization of Fe by hydrogen peroxide (Scully et al. 2003) .
Different macrophyte species allocate P differently in their structural tissues and therefore DOM coming from these species can have different nutrient content (Davis & Van Der Valk 1983) . In this sense, before macrophyte senescence, nutrients may be located in rizomes and other reserving structures, so senescent parts of the macrophyte may have lowered P content (Osborne & Kovacic 2007) . In our study, P. linguatus leachates have higher P content than S. californicus one suggesting that this submersed macrophyte releases more P to the water column. After UVR exposure, both macrophyte leachates also reacted differently: S. californicus exhibited a decrease in SRP while no significant changes were observed in P. linguatus. This would imply that UVR induce some binding of the DOM from S. californicus leachates with soluble P, reducing the available P for producers. However, both macrophyte leachates showed the higher P release in the DARK treatment and, in that sense, Maranger & Pullin (2003) indicated that DOM of leachates may be reduced in darkness. Our results with S. californicus leachates, suggest that in these shallow lakes there would be a double effect of DOM on P, during day, UVR would decrease soluble P, but then during night, dark reduction of Fe (III) associated to DOM would release P. On the other hand, leachates from P. linguatus, would only release P during night without a UVR opposite effect during day.
In conclusion, the obtained results indicated that UVR play a substantial role on optical features and phosphorous release of DOM from lake water and macrophyte leachates.
